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Abstract 
Scanning electron microscopy (SEM) 
has added considerably to an 
understanding of the morphology of 
ectomycorrhizae. Features of the mantle 
of mature ectomycorrhizae have been 
studied most frequently. There is 
considerable variation in arrangement 
of hyphae and therefore in the 
appearance of the outer mantle. This 
variation is due primarily to the fungal 
symbiont although the host genome may 
also influence this feature. The Hartig 
net has been studied from fractured 
ectomycorrhizal roots and, in the 
present study, from fractured 
cryopreserved specimens; general 
features of the interaction between 
Hartig net hyphae and contiguous root 
cells have been described. There are 
few published accounts of using SEM 
techniques to study the ontogeny of 
ectomycorrhizae. This study demonstrates 
the usefulness of such techniques in 
studying the initial interaction of 
hyphae with root hairs and root 
surfaces, including the extramatrical 
phase which is normally very difficult 
to study using other techniques. 
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Introduction 
The diversity of host-fungus 
interactions in ectomycorrhizae has 
been recognized since the early 
publication by Frank (14). Differences 
in the morphology and anatomy of the 
mantle and Hartig net contribute to 
this diversity and have been used as 
criteria to classify ectomycorrhizal 
types (6,9,16,31,48,51) . Mantle and 
Hartig net characteristics have been 
described primarily at the light 
microscope level although recently the 
usefulness of scanning electron 
microscopy (SEM) has been demonstrated. 
The objectives of this paper are 
threefold: first the literature 
concerning SEM studies of 
ectomycorrhizae is reviewed; second, 
the potential of using SEM either alone 
or in conjunction with other techniques 
in studying various aspects of 
ectomycorrhizae is discussed; third, 
information from the synthesis of 
ectomycorrhizae between a variety of 
ectomycorrhizal fungi and roots of a 
range of gymnosperm and angiosperm 
species is included to demonstrate the 
effectiveness of SEM as a tool in 
understanding this complex symbiotic 
association. 
Literature review 
This review of the literature is 
approached from a chronological point 
of view to give the reader an 
appreciation of the change in approach 
used in the study of ectomycorrhizae 
with SEM techniques. The earliest SEM 
studies of ectomycorrhizae described 
general morphological features of 
field-collected material of Pseudotsuga 
menzies11 (39) and Pinus brutia {43). 
In the former study~ fungal symbiont 
was identified as an ascomycete whereas 
in the latter, it was not identified. 
Topographical features of the outer 
mantle and surface hyphae and 
characteristics of the Hartig net 
Massicotte, H.B., Melvill e, L.H., Peterson, R.L. 
obtained from fractures of the 
ectomycorrhizae were described. In 
further studies of field-collected 
roots of P. menziesii (40,41) various 
features of outer mantle hyphae were 
again studied topographically and basic 
characteristics of the Hartig net were 
described from fractured roots. 
Although the surface mantle hyphae 
(outer plectenchyma) were loosely 
organized and devoid of cytoplasm, 
hyphae in the inner mantle were living 
and formed a pseudoparenchymatous tissue 
(inner plectenchyma). 
Field-collected roots of Betula 
pubescens associated with both an 
ascomycete and basidiomycete fungus 
had surface hyphae either separated 
from each other or coalesced into groups 
(42). Again, the Hartig net was 
described from fractured ecto-
mycorrhizae. SEM of ectomycorrhizae 
formed either in pot-grown seedlings 
or field collected species of Eucalyptus 
showed variation in mantle morphology 
and details of surface hyphae including 
hyphal incrustations and cystidia (38 ). 
This study explored the usefulness of 
employing mantle characteristics to 
classify mycorrhizal types, as had 
been done previously for Eucalyptus 
mycorrhizae using light microscopy 
(6). Since neither the tree spec ie s 
nor fungal species was identified in 
the SEM study, it is difficult to 
compare these results with other studie s 
on Eucalyptus, or with ectomycorrhiza e 
synthesized between known mycosymbiont s. 
In Pinus ~ / Suillus luteus 
ectomycorrhizae numerous "vesicular 
bodies" were present when roots were 
fractured and examined by SEM (50). 
Although material in these bodies was 
not identified, it is likely that it 
is a phenolic compound since phenoli cs 
are prevalent in other pine 
ectomycorrhizae (34,35). In one of the 
first attempts to study characteristics 
of mantles formed by identified fungi, 
ectomycorrhizae were synthesized under 
aseptic conditions between Pinus 
contorta and several mycorrhizal 
symbionts (Cenococcum geophilum, 
Thelephora terrestris, Pisolithus 
tinctorius and Rhizopogon vinicolor) 
(30). These were then examined by SEM 
and differences in mantle morphology 
were attributed to the mycosymbiont 
(30). Ectomycorrhizae did not form 
with~ vinicolor. The morphology of 
the mantle was very similar when roots 
were colonized with either T. terrestris 
or P. tinctorius; the mantlewas dense 
withhyphal strands present, but 
individual surface hyphae did not extend 
into the soil. The mantle formed between 
~- contorta roots and~ geophilum had 
coarse surface hyphae which did extend 
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into the soil. Ectomycorrhizae formed 
wi th this fungus remained monopodial 
whereas with the other fungal species, 
roots dichotomized. The authors 
suggested that the morphology of the 
ectomycorrhizae and particularly surface 
features may influence the uptake of 
nutrients from the soil. 
In a study of ectomycorrhizae 
synthesized between roots of Picea 
abies and Piloderma bicolor, ~ 
sectioned roots that had been treated 
wi th enzymes to remove cytop lasm 
revealed details of the Hartig net and 
adjacent cortical cells. The observation 
that Hartig net hyphae expand, thereby 
i nducing cortical cel l walls to form 
r i dges between pits, should be 
reevaluated since cortical cells from 
non-colonized roots were not shown in 
the study. 
A comparative SEM study of 
Eucalyptus marginata roots collected 
from the field (24) showed the existence 
of three major types of ectomycorrhizae 
previously identifiable by their color 
a nd surface features. One of the types, 
the black mycorrhiza, had hyphae 
radiating from the surface and often 
showed a fungal network interconnecting 
mycorrhizal root tips. Black structures, 
probably sclerotia, developed in the 
my c e 1 i um adj ace n t to roots • The 
white-type mycorrhiza had a mantle 
wi th cystidia and a Hartig net which 
e xtended only between epidermal cells. 
Brown ectomycorrhizae were either smooth 
with loosely-organized surface hyphae 
or had surface cysti dia. Unfortunately, 
the fungal species forming each 
mycorrhizal type was not identified. 
Additionally, field samples of 
Eucalyptus nova-anglica ectomycorrhizae 
associated with basidiocarps of 
Pisolithus tinctorius and Scleroderma 
geaster, and some mycorrhizae with 
features characteristic of those formed 
by C. geophilum were examined by SEM 
( 31T. P. tinctorius ectomycorrhizae 
had a smooth to cottony texture with 
the outer prosenchymatous (outer 
p l ectenchyma) mantle hyphae tightly 
i nterwoven and adhering to the root 
surface. Clamp connections were evident 
but fungal anastomoses were infrequent. 
The synenchymatous (inner plectenchyma) 
i nner mantle had abundant clamp 
connections and anastomoses. Mycorrhizae 
f ormed with~- geaster, had a dense, 
wooly mantle with the outer mantle 
hyphae forming a felt prosenchyma. 
Al though anastomoses were common, clamp 
connections were infrequent. Inner 
mantle hyphae formed an irregular 
synenchyma with frequent anastomoses. 
The surface of ectomycorrhizae formed 
with~- geophilum was smooth-undulate 
with hyphae often aligned in rows 
SEM of ectomycorrhizae 
radiating from the mantle. The authors 
stressed that light microscopy and SEM 
are complementary methods for studying 
features of ectomycorrhizae.They also 
cautioned against using characteristics 
identifiable only by SEM in classifying 
ectomycorrhizae because distinct 
ectomycorrhizae may have similar 
morphological characteristics, and 
features in any one ectomycorrhizal 
type may change with developmental 
stage. The latter point is particularly 
important and is one of the reasons 
why more developmental studies of known 
host-fungus combinations are needed. 
Using~ vitro culture techniques, 
ectomycorrhizae between~ octopetala 
and two species of Hebeloma, H. 
marginatulum and~- alpinum (7,8) and 
Salix rotundifolia and three mycorrhizal 
fungi, Hebeloma pusillum, I· geophilum, 
and Entoloma sericeum (4) have been 
synthesized. In~ and Salix, only 
very general features of the mantle 
and Hartig net were discussed. 
Using the growth pouch technique 
{13), ectomycorrhizae between Pinus 
taeda and f. tinctorius were synthesized 
to study the mode of fungal entry into 
the root (49). Using SEM, hyphae were 
located either in openings much wider 
than the diameter of the hyphae (natural 
openings in the root according to these 
authors) or in other openings of the 
same dimensions as the hyphae, thought 
to have been produced by enzymes 
released at hyphal tips. Although this 
is an interesting concept there is no 
direct evidence presented; the mode of 
entry of ectomycorrhizal fungi into 
any root system remains poorly studied . 
An extension of a study on 
ectomycorrhizae of Picea sitchensis 
using light microscopy\45) has provided 
new features, using SEM to characterize 
the mycorrhizal types on this species 
(46) . Overall characteristics of the 
mantle and incrustations and 
ornamentations of mantle hyphae were 
found to be useful in distinguishing 
the ectomycorrhizae formed by four 
species of basidiomycetes and two' E' 
st r a i n ( e ct end o my co r r h i z a l ) f u n g i • 
Scanning electron microscopy has 
been very useful in describing the 
formation of calcium oxalate crystals 
along outer mantle hyphae in two 
species, Pinus radiata and Eucalyptus 
marginata~ massive accumulation of 
calcium oxalate in the mantles of these 
two forest species may be related to 
increased rates of weathering and to 
nutrient release by mycorrhizal compared 
to non-mycorrhizal roots (23). 
In a developmental study of Pinus 
strobus - P. tinctorius ectomycorrhizae 
synthesized in growth pouches, Piche 
et al. (35) used SEM techniques to 
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show early stages of root colonization, 
mantle formation and features of the 
outer mantle hyphae. In addition, these 
authors treated roots with silver 
proteinate after periodic acid oxidation 
to localize compounds containing 1,2 
glycol groups. These roots were examined 
using either a secondary electron 
detector or a backscatter electron 
detector which showed that both the 
root surface and fungal hyphae were 
surrounded by substances which bound 
silver proteinate. These roots were 
then removed from stubs, processed for 
transmission electron microscopy and 
analyzed for silver distribution using 
energy dispersive X-ray analysis. A 
comparison with non - mycorrhizal roots 
also stained with silver proteinate 
showed that mycorrhizal root surfaces 
bound significantly more silver ions. 
These authors suggested that these 
silver proteinate- positive substances 
may be involved in some way with 
recognition or attachment phenomena. 
Related to the concept of 
recognition is the problem of 
compatibility between fungal species 
and host roots. Malajczuk et al. ( 25 ) 
studied the interaction of a number of 
Eucalyptus species either with 
host-specific or broad-range compatible 
fungal species and compared these 
interactions with conifer-specific 
(incompatible) ectomycorrhizal fungi. 
The main differences noted with SEM 
included the production of considerable 
mucilage and some hyphal collapse when 
conifer-specific fungi were used. 
Tran s mission electron microscopy showed 
that roots colonized by incompatible 
fungi synthesized and stored 
considerable amount s of electron - dense 
material, presumably phenolics {25). 
In a study of field - collected 
roots of Pinus contorta, Duddridge and 
Rea d {12) described various stages in 
the development of ectomycorrhizae. 
Although lateral roots became covered 
with fungal hyphae to form the mantle, 
only a few scattered hyphae were found 
on main roots. Hyphal strands and hyphae 
with clamp connections formed on the 
surface of ectomycorrhizal laterals 
and sections through non-tuberculate 
my corr hi z al l ate r al s showed c el l w al l 
protuberances in cortical cells adjacent 
to Hartig net hyphae. In two recent 
papers (10,11), the ectomycorrhizal 
fungus Suillus grevillei was tested 
for compatibility with a number of 
host species in in vitro cultures either 
with or without exogenous carbohydrate. 
SEM was valuable in assessing the 
interaction; for example, this fungus 
produced a few hyphae on the root 
surface of Betula pubescens but a mantle 
or Hartig net never formed. Also, in 
Massicotte, H.B., Melvill e , L.H. , Peterson, R.L. 
comparing cultures of the same host 
species with or without exogenous 
glucose, it was found that often, 
abnormal morphological features were 
present when glucose was included in 
the medium. The author warns that in 
studies of ectomycorrhizal synthesis, 
exogenous carbohydrates should not be 
used. Clonal material of chestnut 
(Castanea sativa) propagated in vitro 
was used for e ct o my corr hi z al syn the s i s 
with Paxillus involutus (44). Roots 
with rounded apices branched irregularly 
and were covered by a mantle of loosely 
tangled hyphae. 
Recent studies (5,2 8 ,29} have 
used SEM to characterize surface 
features of ectomycorrhizae. Pisonia 
grandis ectomycorrhizae formed with an 
unknown fungal species, were collected 
from the Seychelles and surface features 
examined (5). Ectomycorrhizal roots 
were smooth with wefts of surface 
hyphae. Massicotte et al. (28} studied 
ectomycorrhizal roots synthesized 
between the actinorhizal species, Alnus 
crispa and Alpova diplophloeus in growth 
pouches. The morphology of the 
ectomycorrhizae varied according to 
the length of lateral root at the time 
of mantle formation. Hyphae with clamp 
connections and cystidium-like 
structures in addition to hyphal strands 
were present in the outer mantle. In a 
study on ectomycorrhiza synthesis 
between Eucaly)tus pilularis - ~-
tinctorius (29 , surface features of 
mantles were described. 
Tuberculate ectomycorrhizae of 
Pinus strobus possibly formed by the 
ectomycorrhizal fungus, Suillus pictus, 
were collected from the field and 
examined by various techniques including 
SEM (36). A brief description of the 
mantle and Hartig net of these complex 
ectomycorrhizae was given. 
The extraradical phase of 
ectomycorrhizal associations is very 
difficult to study because most methods 
used to synthesize mycorrhizae do not 
lend themselves to sampling this phase 
without damaging the hyphae. It is 
almost impossible, also, to maintain 
this phase of the association when 
collecting mycorrhizae from field soil. 
The growth pouch technique, in which 
seedlings are grown in plastic pouches 
and colonized by ectomycorrhizal fungi, 
is excellent for studying the 
extramatrical hyphae. This technique 
has been used to advantage in studying 
the ontogeny of sclerotia of two 
ectomycorrhizal fungi, P. tinctorius 
and Paxillus involutus,-grown either 
with Pinus strobus or Pinus resinosa 
(18,l~etails of hy~aggregation 
to form sclerotium initials and 
subsequent events to form mature 
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sclerotia are described from SEM 
observations. P. tinctorius sclerotium 
initials developed from small branches 
along loosely organized hyphal strands 
{18 ). The small branch hyphae had 
terminal swellings, clamp connections, 
and were covered by an extracellular 
matrix. Mature sclerotia developed 
from repeated hyphal branchings which 
formed a tightly interwoven hyphal 
mass. P. involutus sclerotia were 
initiated from groups of loosely 
arranged hyphae close to, but not on 
hyphal strands ( 19} . Clamp connections 
and extracellular matrix were present 
on the surface hyphae. 
In retrospect, SEM has been used 
extensively in the description of 
ectomycorrhizae obtained from field 
collections or laboratory synthesis. 
Generally, ectomycorrhizae in which 
the root and fungal components are in 
a mature state have been studied. Far 
less attention has been given to early 
interactions between the two symbionts, 
i.e. contact between root hairs and 
epidermis. For reasons of technical 
difficulty, virtually nothing has been 
published on the early establishment 
of the fungus as an "interface" between 
the root and the soi I. 
The usefulness of information 
obtained by SEM for classifying 
ectomycorrhizae has been discussed to 
a limited extent in the literature. To 
evaluate the significance of this 
approach larger samples in field 
situation s need to be studied. 
The following se ction will 
emphasize po s sible new approaches in 
studying ectomycorrhizae by SEM 
techniques. Selected ectomycorrhizal 
associations synthesized in the 
laboratory between a number of plant 
species and fungal symbionts will be 
used as examples. 
Materials and Methods 
Plant material 
Alnus crispa (Ait.) Pursh seeds 
obtained from Nimitz Township, Ontario 
(47°38' x 83° 15', 400 m), Betula 
alleghaniensis Britt. seeds obtained 
from the Central Research Forest, 
Ontario (45°24' x 75°33', 70 m) Pinus 
resinosa Ait. seeds obtained fro_m __ 
Petawawa, Ontario (45° 58' x 77° 19', 
120 m), Picea mariana (Mill) B.S.P. 
seeds obtained from Ranger Lake, Ontario 
(46° 46' x 83°26', 365 m), and Picea 
glauca (Moench) Voss seeds, obtained 
from Westmeath , 0 n tar i o ( 4 5° 5 0 ' x 7 6 ° 
53', 122 m) were all stratified and 
germinated as described by Godbout and 
Fortin (15) for~. crispa. Eucalyptus 
pilularis Sm. seeds, collected at 
Wauchope, NSW. Australia, and stored 
SEM of ectomycorrhizae 
at 4°C, were germinated as described 
by Grenville et al. (17). 
Mycorrhizal synthesis 
Seven days after germination, 
seedlings of fl. crisRa were transferred 
into growth pouches 1"13) containing 10 ml 
modified (Nitrogen-free) Crone's mineral 
solution (22). seedlings were then 
inoculated with Frankia to induce 
nodules and subsequently with Alpova 
diplophloeus (Zeller and Dodge) Trappe 
& Smith strain CG-281 to form 
e ct o my corr hi z a e ( 2 8 ) • Seed l i n gs of B • 
alleghaniensis, ~- resinosa, ~- mariana 
and~- glauca were transferred 10, 20, 
10, and 20 days respectively after 
germination into pouches containing 10 
ml of modified Crone's mineral solution 
supplemented with nitrogen (NH4Cl at 
0.30 g/L). ~- alleghaniensis seedlings 
were inoculated 40 days after transfer 
into pouches with Paxillus involutus 
(Batsch.) Fr. strain CG-9. P. resinosa 
was inoculated with Cenococcum geophilum 
Fr. strain CRBF-0074 or Pisolithus 
tinctorius (Pers.) Coker & Couch strain 
76-1, 22 days after transfer of 
seedlings into pouches. P. mariana was 
inoculated with Hebeloma-cylindrosporum 
Romagnesi strain 75-1, P. tinctorius, 
Laccaria bicolor (R. Mre) Orton strain 
CRBF - 0101, f. geophilum, and Laccaria 
laccata (Fr.) B. & BR. strain CRBF -
0241, 35 days after transfer into 
pouches.~- glauca was inoculated with 
f. geophilum 45 days after seedlings 
were transferred into pouches. Seedlings 
of I· pilularis were transferred into 
growth pouches containing 10 ml of 
modified Melin-Norkrans solution (26) 
10 days after germination. Twenty days 
later, seedlings were inoculated with 
L. bicolor. 
Frankia cultures were grown at 22 
~ in Qmod liquid medium (21) and 
introduced into the pouches containing 
~- crispa seedlings. All the 
ectomycorrhizal fungi used in these 
experiments were grown on modified 
Me l i n - No r k r a n s med i um at 2 0 •c • P l u g s 
of mycelium (10 mm diameter) were 
removed from the edge of mycelium mats 
growing in petri dishes and placed 
next to developing lateral roots of 
seedlings grown in growth pouches (33). 
Growth conditions 
Seedlings were grown under 5 Klux 
(68 Watts/ m2 ) (130 µE/m'/sec) light 
on a 16 h light - 8 h dark cycle under 
a temp e r at u re reg i me of 2 4 °C / 1 8 °c 
(D/N). A humidifier was placed in the 
chamber to maintain high levels of 
humidity (60-80 % R.H.). Additional 
nutrient solution was added to pouches 
as needed. 
Scanning electron microscopy (SEM) 
For developmental studies,portions 
of the root system with ectomycorrhizae 
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were collected for a period up to 3 
weeks after the appearance of an obvious 
mantle on lateral roots. To study early 
colonization of roots, material was 
collected before the appearance of a 
mantle but after first contact with 
the root surface by fungal hyphae. 
Samples for conventional SEM were fixed 
in 2.5 % glutaraldehyde in HEPES buffer 
(0.10 M, pH 6.8) for 3 hat room 
temperature (27), washed in the same 
buffer, post-fixed in 2% Os04 without 
buffer for 2 hat 4°C, washed in 
distilled water, treated with 
thiocarbohydrazide and followed by 
post-fixation in 1% Os04 (20). Specimens 
were then washed in distilled water, 
dehydrated in a graded series of 
ethanol, critical point dried using 
CO2 as a transition fluid, mounted on 
aluminum stubs and observed with a 
JEOL JSM-35C scanning electron 
microscope. The following protocol was 
used for material prepared for 
cryo-SEM. Samples were removed from 
growth pouches, cut with a sharp razor 
blade and attached to a specimen holder 
with a small amount of Tissue-Tek II 
O.C.T. compou nd (Miles Laboratories). 
Tissue was then plunged into 
super-cooled liquid N2 for several 
minutes, transferred into the chamber 
of an EMSCOPE SP2000 Sputter Cryo Unit 
and fractured under vacuum with a liquid 
N2 cooled knife. Specimens were then 
p l a c e d on a s t a g e w a rm e d to - 9 0 °C u n de r 
a cold plate (-180°C) for 20 - 30 min 
to remove ice. Samples were then 
re c o o l e d t o - 1 8 0 °C , s p u t t e r c o a t e d 
with gold, and transferred under vacuum 
to the stage of an ISI DS - 130 electron 
microscope which had been precooled to 
-180 °C w i th 1 i qui d N 2. 
Results 
Fi rs t order my corr hi z al l ate r al 
roots of tree species exhibited a 
considerable variation in morphology 
depending on the tree species, 
ectomycorrhizal fungus, and the 
developmental stage of each symbiotic 
association (figs. 1-8). A mature 
ectomycorrhiza of Picea mariana -
Laccaria bicolor hadawell-developed, 
loosely interwoven mantle covering the 
entire length of the first order lateral 
root and extramatrical hyphae, some of 
which interacted with root hairs (fig. 
1). Laccaria bicolor associated with 
Eucalyptus pilularis, formed a very 
conspicuous, smooth mantle consisting 
of interwoven hyphae, and extramatrical 
hyphae that developed mainly at the 
base of the root (fig. 2). In both 
associations, few hyphae colonized the 
surface of the primary root (figs. 
1,2). Mature stages of the association 
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of Cenococcum ~eophilum with Picea 
~lauca (fig. 3 and P. mariana(f,g. 
) were characterized by a thick, smooth 
mantle of closely appressed hyphae. 
Depending on the stage of development, 
the mantle covered the entire root 
(fig. 3) or was confined to the apex 
(fig. 4). Elongated, coarse 
extramatrical hyphae (outer mantle 
hyphae) were conspicuous in both 
assoc i at ions ( f i gs • 3, 4) • Hy p ha e of f.. 
geophilum interacted with the numerous 
root hairs that formed on P. mari ana 
lateral roots (fig. 4). Mature 
ectomycorrhizae of Picea mariana -
Laccaria laccata werecl,aracterized by 
the envelopment of both first order 
lateral roots and the primary root by 
a dense, tightly interwoven mantle 
(fig. 5). A young stage off. mariana 
- Pisolithus tinctorius revealed 
acropetal development of the mantle 
(fig.6); a well-developed mantle formed 
at the base of the root prior to the 
colonization of the more apical regions 
of the root. This mycorrhizal 
association showed hyphal proliferation 
on first order lateral roots and limited 
hyphal growth on the primary root 
(fig. 6). 
Ectomycorrhizae formed between 
Pinus resinosa and f_. geophilum were 
characterized by a dense mantle with 
elongated outer mantle hyphae (fig. 
7). Some ectomycorrhizae of this 
association exhibited a broken mantle, 
presumably due to renewed root 
elongation subsequent to mantle 
formation (fig. 8). Considerable det a il 
of the outer mantle was obtained with 
SEM if higher magnifications were used. 
For example, a portion of the outer 
mantle of Alnus crispa - Alpova 
diplophloeusectomycorrhizae showed 
hyphal strands and numerous individual 
hyphae forming a loose pattern (fig. 
9). A portion of the outer compact 
mantle off_. geophilum associated with 
P. resinosa revealed many tightly-woven 
hyphae, some forming stellate patterns 
(fig. 10), The initiation of the 
elongated outer hyphae which grow 
perpendicular to the mantle surface 
was evident in distal portions of this 
latter association (fig. 11). These 
hyphae had a conspicuous basal 
enlargement and a rounded hyphal tip 
(fig. 12). A fractured sample of a f. 
glauca - ~- geophilum ectomycorrhiza 
also showed the outer mantle at a late 
stage in development (fig. 13). A basal 
swelling of an elongated, coarse hyphae 
was obvious. 
Roots sampled at an early stage 
of mycorrhizal formation clarified 
events which occur during early mantle 
development including root hair - hypha 
interactions (figs. 14 -25). For 
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Figures 1-6. Scanning electron 
microscopy of ectomycorrhizal roots. 
Fig. 1. A mature stage of Picea 
mariana - Laccaria bicolor first order 
mycorrhizal root showing well-developed 
mantle (*) and extramatrical hyphae 
(arrowheads), some of which have 
interacted with root hairs (double 
arrowheads). 
Fig. 2. A mature stage of 
Eucalyptus pilularis - Laccaria bicolor 
f i rs t order my corr hi z al root • A 
complete, smooth mantle (*) has formed 
and a few hyphae (arrowheads) and root 
hairs (double arrowheads) are evident 
on the primary root. 
Fig. 3. A mature stage of Picea 
glauca - Cenococcum geophilum first 
order ectomycorrhizal root. A dense 
mantle (*) covers the entire root. 
Elongated outer mantle hyphae 
(arrowheads) are evident. 
Fig. 4. A mature stage of Picea 
mariana - ~ - geophilum first order 
ectomycorrhizal root showing a dense 
mantle (*) surrounding the root ape x 
and elongated extramatrical hyphae 
(arrowheads), some of which have 
interacted with root hair s (double 
arrowheads). 
Fig. 5. A mature stage of Picea 
mariana - Laccaria laccata ---
ectomycorrhiza showing three first 
order lateral roots (arrows) and the 
primary root (PR) completely c overed 
by a de ns e man tl e . 
Fig. 6, A young stage of Picea 
mar iana - Pis o lithus tinctoriu_s __ 
ectom y corrhiza showing a first order 
lateral root with a forming mantle (*) 
at its base and a few hyphae attached 
to the root surface towards the ape x 
(arrowh e ads ) . 
example, P. mariana - Hebeloma 
cylindrosporum first order lateral 
roots showed that hyphae colonized the 
root surface and surrounded emerging 
root hairs (fig. 14). Hyphae became 
attached to root hairs and branched 
(fig . 15). P. mariana associated with 
P. tinctorius exhibited a similar 
phenomenon in older portions of the 
root; bases of elongated root hairs 
were surrounded by hyphae ( fig. 16). 
Again, hyphae branched as they 
surrounded root hairs (fig. 17). Hypha 
- root hair interactions could also be 
detected in a portion of the root in 
which root cap cells were still present , 
as illustrated by a P. mariana - P. 
tinctorius ectomycorrhiza (fig. 18) or 
in an older portion of a P. mariana-H. 
SEM of ectomycor r hiz ae 
cylindrosporum ectomycorrhiza in which 
long root hairs are prevalent (fig. 19) . 
At sites of lateral root emergence in 
Betula alleghaniensis, hyphae of 
Paxillus involutus interacted with root 
hairs formed along the primary root 
(fig. 20). In some cases, an amorphous 
substance was produced along the root 
hair surface adjacent to attached hyphae 
(fig. 21). 
There was some variation in the 
rate of colonization of lateral roots 
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as they emerged from the primary root. 
Young lateral root primordia of~ -
mariana- P. tinctorius ectomycorrhizae 
had a conspicuous mantle as they emerged 
from the primary root (fig. 22) while 
in~- crispa - ~- diplophloeus 
ectomycorrhizae, emergent lateral roots 
had few hyphae colonizing the root 
apex (fig. 23). The root apex was 
surrounded by large root cap cells at 
this stage (fig. 23). Considerable 
tissue disruption occurred as lateral 
Massicotte, H.B., Melvill e , L.H. , Pete r son, R.L. 
roots emerged from tissues of the 
primary root as illustrated by a~- . 
resinosa primary root not yet colonized 
(fig. 24) and colonized with~-
geophilum (fig. 25). The orientation 
of surface hyphae on primary roots was 
parallel while that on lateral root 
primordia showed an interwoven random 
pattern (fig. 25). 
Cryopreserved and fractured 
mycorrhizal specimens were useful in 
studying internal features of the 
ectomycorrhizal association. A fracture 
of an A. crispa- ~- diplophloeus 
ectomycorrhiza showed a conspicuous, 
multi-layered mantle and a Hartig net 
(fig. 26). At higher magnification, 
clamp connections were evident on outer 
mantle hyphae and the compact nature 
of the inner mantle was obvious (fig. 
27). Hartig net hyphae penetrated 
between epidermal cells (fig. 28). A 
distinct mantle and Hartig net were 
also evident in a fractured 
ectomycorrhizal root of~- resin?sa -
P. tinctorius (fig.29). Compact inner 
mantle hyphae and Hartig net hyphae 
which penetrated between b?th epid~rmal 
and cortical cells were evident (fig. 
30). Outer mantle hyphae were coated 
with irregular deposits and druse 
crystals were present among outer mantle 
hyphae (fig. 31). 
Discussion 
Scanning electron microscopy has 
been used primarily in studying features 
of mature ectomycorrhizae, at first 
from field-collected material and later 
from ectomycorrhizae synthesized using 
identified host and fungal species. 
From the former studies, general 
features of mantle organization, and in 
some cases (38) details of surface 
hyphae, were provided. Lack of . 
identification of the fungal species 
involved in the symbioses, however, 
restricts the use of such information 
since SEM examination of ectomycorrhizae 
synthesized with known fungal s~ec)es 
has shown that considerable variation 
exists in mantle characteristics and 
is due in part to the fungal symbiont 
(30,51). This variation also may reflect 
the degree of compatibility between 
symbionts (10,11). The distinctive 
morphology of ectomycorrhizal fungal 
species may be modified when th~y 
interact with various tree species 
(47), making it difficult to be_certain 
of identification of these fungi on 
field-collected species unless 
reproductive structur~s ~re pres~nt : 
Partners in many symbiotic associations 
undergo modifications in their 
morphology when they interact in a 
symbiosis (3). 
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Figures 7-13. Scanning 
electron microscopy of ectomycorrhizal 
associations. 
Fig. 7. A mature stage of Pi nus 
resinosa - Cenococcum geophilum first 
order lateral root with a dense mantle 
(*) and elongated outer mantle hyphae 
(arrowheads). 
Fig. 8. A mature stage of~ 
resinosa - h geophilum first order 
lateral root showing a dense mantle 
{*) which has broken (arrowheads), 
presumably due to renewed root 
elongation. Elongated outer mantle 
hyphae (double arrowheads) are evident. 
Fig. 9. Portion of the outer mantle 
of an Alnus crispa - Alpova diplophloeus 
ectomycorrhiza showing hyphal strands 
(arrowheads), and hyphae (double 
arrowheads). Mantle hyphae are loosely 
interwoven. 
Fig. 10. Portion of the outer 
mantle of P. resinosa - h geophilum 
ectomycorrhlza showing tightly woven 
hyphae (arrowheads) forming a compact 
layer. Some of the hyphae form a 
stellate pattern (*). 
Fig. 11. Distal portion of the 
outer mantle of P. resinosa - h 
geophilum ectomycorrhiza showing initial 
development of an elongated outer hypha 
(arrowhead). 
Fig. 12. Enlargement of portion 
of fig. 11 showing the basal enlargement 
(arrowheads) associated with in i tiation 
of an elongated hypha. 
Fig. 13. Picea glauca - h 
geophilum ectomycorrhiza fractured to 
show outer mantle hyphae (*), one of 
which has elongated (arrowheads). 
Enlargement of the base of the latter 
hypha is evident. Inner mantle hyphae 
( double arrowheads). 
Characteristics of the outer mantle 
as shown by SEM vary considerably in 
this and other studies, and may be 
indicative of the interactions of the 
e ct o my corr hi z a w i th the soi l ( 3 0 ) • 
This has not, however, been directly 
tested, and has been previously 
questioned ( 51). 
Attempts to classify ecto-
mycorrhizae based on features studied 
by SEM alone (38,46), or in conju~ction 
with other techniques used for this 
purpose (1,16) are v~ry pr~lim)nary. A 
much more extensive investigation of 
ectomycorrhizae synthesized with kno~n 
host and fungal species will be required 
as a base for such an approach. The 
SEM of ectomycorrhizae 
appearance of an ectomycorrhiza depends 
in part on the stage of root 
development; this must be taken into 
account when des c r i bi n g e ct o my corr hi z-a e • 
Fractures of mature ectomycorrhizae 
have been used to characterize the 
Hartig net (8,12,37,39,41), cellular 
inclusions (50 ), and features of 
cortical cell walls adjacent to Hartig 
net hyphae (32). It should be possible 
to use cryopreserved specimens to gain 
additional information on the natural 
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state of organelles and inclusions in 
both the hyphal component and adjacent 
root cells. 
Except for two previous studies 
(35,49) and the present study, SEM has 
not been used in studying the early 
stages of root colonization by 
ectomycorrhizal fungi. As demonstrated 
here, early contact with root hairs 
and root cap cells can be followed 
easily if ectomycorhizae are synthesized 
in growth pouches and monitored by 
Massicotte, H.B., Melville, L.H., Peterson, R.L. 
means of a stereobinocular microscope 
to select stages for SEM observations. 
Sampling over the period of mycorrhizal 
establishment can provide information 
on aspects of mantle formation such as 
hyphal branching patterns on the root 
surface, anastomosing of hyphae, 
variation in hypha diameter and 
aggregation into hyphal strands, 
formation and location of clamp 
connections, and the relationship 
between surface hyphae and root 
exudates. In this study where 
interactions between hyphae and root 
hairs were documented, there were 
striking similarities noticed between 
these early interactio~s and those 
which occur in the in vitro synthesis 
of the lichen CladonTacrTstatella 
from its algal and fungal components 
( 2 ) • 
It is important to gain additional 
information concerning early events in 
ectomycorrhiza establishment in an 
attempt to understand recognition 
processes and to study the effects of 
root pathogens and other soil 
microorganisms as they interact with 
e ct o my corr hi z a 1 fungi • Pi ch e et al • 
(35) showed that it is possible to use 
the same material for SEM, TEM and 
elemental analysis by X-rays; this 
sort of approach should be used more 
frequently when studying the ontogeny 
of ectomycorrhizae The possibility of 
using immunocytochemical techniques in 
conjunction with SEM to identify surface 
exudates should be given serious 
consideration, particularly in relation 
to recognition and attachment processes. 
The extramatrical phase of 
ectomycorrhizal fungi is very difficult 
to study in situ but again, SEM 
observationsofectomycorrhizae 
synthesized in growth pouches has 
provided valuable information concerning 
this phase (18,19). It should be 
possible to study the effects of various 
factors such as nutrient level, root 
exudates, water status, and other soil 
microorganisms, on the development of 
external hyphae, hyphal strands, and 
sclerotia, using SEM techniques. 
The present study and the paper 
by Melville et al., in this volume 
show that SEM observations can 
contribute to an understanding of the 
complex and multiplicity of events 
which occur during the ontogeny of an 
ectomycorrhiza. With further work of 
this nature, it may be possible to 
construct models of ectomycorrhiza 
formation based on the fungal symbiont 
involved. 
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Figures 14-19. Scanning 
electron microscopy of ectomycorrhizal 
roots showing early stages in mantle 
formation and root hai r-hypha 
interactions. 
Fig. 14. Picea mariana - Hebeloma 
cylindrosporum77rst order lateral. 
Hyphae (arrowheads) have colonized the 
root surface. Numerous root hairs 
(double arrowheads) have been initiated 
and are surrounded by hyphae (box). 
Fig. 15. Enlargement of the root 
hair initial shown in box in Fig. 14. 
Hyphae (arrowheads) have become attached 
to the emerging root hair. Hyphal 
branching is evident (double 
arrowheads). 
Fig. 16. Picea mariana - Pisolithus 
tinctorius ectomycorrhiza surface view 
showing branched hyphae (arrowheads) 
and hyphal strands (double arrowheads) 
in the root hair zone. Some hyphae 
surround the base of elongated root 
hairs (arrows). 
Fig. 17. Enlargement of a root 
hair base indicated in Fig. 16. Hyphae 
(arrowheads) surround the root hair. 
Fig. 18. Picea mariana - ~isolithus 
tinctorius ectomycorrhiza showing root 
hair-fungus interactions. Root cap 
cells(*) are present in this region 
of emerging root hairs (arrowheads). 
Fig. 19. Picea mariana - Hebeloma 
cylindrosporumectomycorrhiza ~howing 
considerable fungal proliferation around 
elongated root hairs(*). 
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Discussion with Reviewers 
Reviewer I: What is the role of the 
host genome in determining ecto-
mycorrhizal formation? 
Authors: There is no direct evidence 
for the role played by either the host 
or fungus genome during ectomycorrhiza 
development. It is probable, however, 
that as in other symbiotic systems 
such as Rhizobium legume systems, a 
number of genes of both symbionts are 
involved. 
Reviewer I: Would studies comparing 
root colonization by ectomycorrhizal 
fungi and closely related fungi be 
profitable? 
Authors: This approach might provide 
information concerning differences in 
initial host response at the molecular 
level. 
Reviewer III: Why was the tissue fixed 
at room temperature? 
Authors: Previous studies indicated 
that the best fixation for 
ectomycorrhizal fungi was at room 
temperature ( see Massicotte, et al., 
198 5 ) . 
Reviewer IV: Is there any evidence 
that roots, like the autotrophic 
symbiont of lichens, can outgrow the 
symbiosis, thus resuming an independent 
1 if e? 
Authors: During renewed root growth in 
the spring, roots may remain uncolonized 
for a period of time. 
Reviewer IV: ls there any evidence 
that changes in root morphology relate 
to functional alterations? 
Authors: No. Studies providing 
correlations between morphology and 
function are lacking, especially in 
relation to changes in properties of 
the root, such as exudation. We do 
know that there is a gradient in 
alterations of sub-cellular organization 
along the mycorrhiza l axis and 
consequently functional differences 
are probable. 
Reviewer IV: What is the sign ificance 
of the actinomycete Frankia in the 
formation of Alnus ectomycorrhizae? 
Authors: Thisquestion has not been 
investigated. We routinely nodulate 
Alnus prior to colonization by 
ectomycorrhi zal fungi. 
Reviewer IV: Is the appearance of root 
hairs close to the apical meristern 
typical of non-mycorrhizal roots of 
Picea mariana or is this characteristic 
oTec to my corr h i z a l roots ? 
Authors: The appearance of root hairs 
very close to the apex in 
ectomycorrhizal roots probably reflects 
a reduced elongation rate of the root. 
